The goal of this study was to investigate the chemical alteration of a dental alloy surface by alumina air-abrasion and its effect on bonding to resin cement. Alumina air-abrasion was carried out on an Ag-Pd-Cu-Au alloy. The surface morphology and chemical state of the abraded alloy were characterized. The effect of the air-abrasion on the shear bond strength between the alloy and a methyl methacrylate/tri-n-butyl borane (MMA/TBB) resin cement with some primers was evaluated. The surface characterization revealed that the alumina air-abrasion mechanically roughened and chemically altered the surface. The chemical alterations had two effects: (1) abraded alumina particles remained on the alloy surface and (2) copper ions were oxidized in the alloy surface. As the result, the shear bond strength test indicated that 10-methacryloyloxydecyl dihydrogen phosphate (MDP) contained primer worked with the abraded alloy surface, whereas it did not work with the non-abraded alloy surface.
INTRODUCTION
Alumina air-abrasion is an essential pre-treatment for adhesive bonding of dental restorative materials such as cast restorations and resin-bonded fixed partial dentures. In general, the effects of the abrasion are considered to be eliminating contaminants on the material surface and roughening the surface, leading to increment of the surface area. After the alumina air-abrasion, a priming agent containing a functional adhesive monomer is applied to the abraded material surface, followed by cementing a luting agent and then mounting on an abutment tooth. The combination of the alumina airabrasion and application of the primer increases the bond strength and allows long-term reliable bonding.
Commercial primers are classified by material type, e.g. alloys, ceramics, and various types of resin. The primers for dental alloys can be sub-divided into three groups based on the adhesive monomer in the primer: noble metal alloys, base metal alloys, and noble-base metal alloys. For noble metal alloys such as Au and Ag alloys, sulfur-based monomers provide adhesion and some types have been developed: 6-(4-vinylbenzyln-propyl)amino-1,3,5-triazine-2,4-dithione (VTD) [1] [2] [3] [4] [5] [6] and 6-methacryloyloxyhexyl 2-thiouracil-5-carboxylate (MTU-6) [7] [8] [9] [10] . In the primer for base metal alloys, carboxylic acid monomers and phosphate monomers are widely used; an example of a carboxylic acid monomer is 4-methacryloyloxyethyl trimellitate anhydride (4-META) [11] [12] [13] and that of a phosphate monomer is 10-methacryloyloxydecyl dihydrogen phosphate (MDP) [14] [15] [16] [17] . Many grades of commercial primers for base metal alloys contain such carboxylic acid monomers or phosphate monomers dissolved in a solvent. Furthermore, specific monomers with versatile bonding properties of both noble and base metal alloys have been applied, including 10-methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT) [18] [19] [20] , 6 -methacryloyloxyhexyl phosphonoacetate (6-MHPA) [18] [19] [20] , and thio-phosphoric acid derivative (MEPS) 1, 4, 9, 21) . In a clinical application of a primer to a dental alloy, a dentist must choose a suitable priming agent depending on alloy type.
Ag-Pd-Cu-Au alloys are categorized as noble metal alloys and are widely used for cast restorations in Japan as an alternative to ISO type-III or -IV gold alloys. The Japanese insurance system covers the use of such alloys for restorative and prosthodontic treatments. For the adhesive pre-treatment of Ag-Pd-Cu-Au alloys, manufacturers have recommended alumina air-abrasion, followed by application of a primer containing MTU-6 or VTD. A primer for base metal alloys that contains MDP is generally considered ineffective for bonding of Ag-Pd-Cu-Au alloys. In fact, many in vitro experimental studies have revealed that MDP has almost no effect on the bond between a resin cement and an as-cast Ag-PdCu-Au alloy without alumina air-abrasion. For instance, the data examined by Yamashita et al. 22) indicated that the shear bond strength after 20,000 thermocycling test of an Ag-Pd-Cu-Au alloy without the abrasion applied with an MDP-containing primer (Estenia Opaque Primer, Kuraray Noritake Dental, Tokyo, Japan) was the same as that of a no-primer-applied alloy. However, Chemical alteration of Ag-Pd-Cu-Au alloy surface by alumina air-abrasion and its effect on bonding to resin cement MDP: 10-methacryloyloxydecyl dihydrogen phosphate, MMA: methyl methacrylate, VTD: 6-(4-vinylbenzyl-n-propyl)amino-1,3,5-triazine-2,4-dithione, TBB: Tri-n-butylboran.
in the case of an Ag-Pd-Cu-Au alloy treated by alumina air-abrasion, some conflicting data have been reported, in which an MDP-containing primer was effective in bonding the Ag-Pd-Cu-Au alloy to a resin cement 23, 24) . Imai et al. 23) showed that the shear bond strength after 20,000 thermocycling test of an alumina air-abraded AgPd-Cu-Au alloy applied with an MDP-containing primer (Estenia Opaque Primer, Kuraray Noritake Dental) was comparable to that of an alumina air-abraded AgPd-Cu-Au alloy applied with a VTD-containing primer (V-Primer, Sun Medical, Shiga, Japan). In addition, Taira and Kamada 25) showed that the bond strength of an alumina air-abraded Ag-Pd-Cu-Au alloy applied with a different MDP-containing monomer (Epricord Opaque Primer, Kuraray Medical, Tokyo, Japan) was comparable to that of an alumina air-abraded Ag-Pd-Cu-Au alloy applied with a VTD monomer-containing primer. These previous studies reported the data only; there was no mention of the bonding mechanism between the MDPcontaining primers and the alumina air-abraded Ag-PdCu-Au alloys. Judging from these reported data, however, we can consider that MDP works on the alumina airabraded Ag-Pd-Cu-Au alloy surface, whereas it does not work on a non-abraded surface. This consideration gave rise to the speculation that the alumina air-abrasion of an Ag-Pd-Cu-Au alloy not only roughens the surface mechanically but also chemically alters the alloy surface. Until now, no research has been conducted to clarify the chemical effect of alumina air-abrasion on Ag-Pd-Cu-Au alloys as well as other dental alloys.
In the present study, we aimed to clarify the chemical effects of alumina air-abrasion for an Ag-Pd-Cu-Au alloy on bonding to a resin cement. To achieve this goal, changes in the chemical states of an Ag-Pd-Cu-Au alloy before and after alumina air-abrasion were investigated. Furthermore, the chemical effect on the bonding to resin cement was verified by using methyl methacrylate/tri-nbutyl borane (MMA/TBB) resin cement combined with MDP-or VTD-containing primers.
MATERIALS AND METHODS

Specimen preparation
A commercially available Ag-Pd-Cu-Au alloy ingot (see Table 1 ) was formed into a disc shape 11 mm in diameter and 3 mm thick by means of a conventional casting method. The cast alloy was fixed in an acrylic ring by using an acrylic resin. The surface of the fixed alloy was polished with 600-grit silicon-carbide abrasive paper with dry condition. The polished alloy surface was cleaned by using ultrasonication with distilled water for 5 min. Alumina air-abrasion with 50-μm alumina particles (A-220, Akiyama Sangyo, Neyagawa, Japan) was applied to the polished alloy surface by means of an air-borne particle abrader (Jet Blast II, J. Morita, Suita, Japan) at an air pressure of 0.6 MPa for 20 s and a 10 mm nozzle-to-metal distance. The abrasion pressure was employed according to the literature 26) .
Characterization of alumina air-abraded Ag-Pd-Cu-Au alloy surface
The surface area and roughness of the alumina airabraded Ag-Pd-Cu-Au alloy were measured by means of a confocal laser scanning microscopy (CLSM; VKX-100, Keyence, Osaka, Japan). The surface morphologies of the abraded surfaces were observed by means of a scanning electron microscope (SEM; S-4300, Hitachi-Technologies, Tokyo, Japan). The chemical compositions and elemental mappings of the abraded surfaces were examined by means of an energy dispersive X-ray spectroscope (EDX; Ametek, Berwyn, PA, USA) equipped with the SEM instrument. The chemical states of the abraded surfaces were analyzed by using X-ray photoelectron spectroscopy (XPS; ESCA-3400, Shimadzu, Kyoto, Japan).
Shear bond strength test for Ag-Pd-Cu-Au alloy to MMA/ TBB resin cement
A fixed tape with a 6-mm-diameter circular hole was attached to the alumina air-abraded Ag-Pd-Cu-Au alloy surface in order to regulate the adhesion area. Subsequently, a Teflon tube (inner diameter of 5 mm and outer diameter of 6 mm) was positioned on the alloy surface through the regulating circular hole. These procedures provided a constant adhesion area of 19.6 mm 2 in each sample. Each of three primers was applied onto the regulated alloy surface. The three primers used in this study contained adhesive monomers as follows: MDP for Super-Bond PZ Primer Liquid A, VTD for V-Primer, and both MDP and VTD for Alloy Primer, respectively. The primers are listed in Table 1 . After applying the primers, MMA/TBB resin cement was loaded onto the primer-applied surface by means of a brush-dip technique. The detail composition of the MMA/ TBB resin cement used in this study is given in Table  1 . The cemented specimens were kept at 37°C for 24 h in a dry oven, followed by immersion in distilled water at 37°C for 24 h. Then the specimens were subjected to thermocycling tests by alternating immersion in water baths between 5 and 55°C for 20,000 cycles with a 60-s dwell time per each temperature. The shear bond strength for the specimens before and after the thermocycling test was measured by using a mechanical testing device (AGS-H, Shimadzu) with a steel mold jig at a crosshead speed of 1.0 mm/min.
Observation of debonded specimens
The debonded surfaces of the specimens after the bond strength measurement test were observed by means of an optical microscope (BHSM363NEL, Olympus, Tokyo, Japan). The failure modes of the debonded surfaces were classified into the following three categories: A; adhesive failure at the cement-alloy interface, C; cohesive failure within the cement, M; mixed failure of A and C.
Statistical analysis
The results of the surface roughness and surface area were analyzed with software for statistical analysis (SPSS version 23, SPSS, Chicago, IL, USA). For the surface roughness and surface area measured by the CLSM, the mean value and standard deviation were obtained by using the data from 10 specimens. The KolmogorovSmirnov test was primarily applied to each data set and the results did not show a normal distribution. Then, the Mann-Whitney U-test was performed to compare the values between the specimens with and without the alumina air-abrasion. The statistical analyses of shear bond strengths were done by using SPSS and EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan) 27) . The mean and standard deviation were calculated by using the data from 10 specimens. The Kolmogorov-Smirnov test was primarily used, and the results did not show a normal distribution. So, the Mann-Whitney U-test was performed to compare the differences of the bond strength with and without alumina air-abrasion. Multiple comparison among the data for the primer-using specimens was carried out by the Kruskal-Wallis test and then Steel-Dwass comparison with EZR. The significance level was set at 0.05 for all analyses. Figure 1 shows three-dimensional (3D) images of the AgPd-Cu-Au alloy surface with and without the alumina air-abrasion, measured by the CLSM. It is clearly seen that the alloy surface was roughened by the alumina airabrasion. In addition to the 3D images, the surface area and roughness values for the non-abraded and alumina air-abraded surfaces are presented in Fig. 2 . The mean surface roughness of the non-abraded surface was 0.2 μm, whereas that of the alumina air-abraded surface was 1.6 μm. Consequently, the alumina air-abrasion increased the surface roughness of the alloy by almost eight times. The alumina air-abrasion also increased the surface area; the surface area of the abraded surface was approximately two times larger than that of the non-abraded surface. Figures 3(a) and (b) show the SEM image, EDX spectrum, and EDX elemental mapping images for the non-abraded Ag-Pd-Cu-Au alloy and alumina airabraded surfaces, respectively. The SEM image of the non-abraded surface shows many grooves in one direction scratched by the SiC abrasive paper. The abraded surface was characterized as having random concave-convex structures. This means that the alloy surface remarkably became rougher by the alumina airabrasion. From the EDX spectrum of the non-abraded surface, shown in Fig. 3(a) , Ag, Cu, Pd, and Au were detected across the whole surface. In contrast, Al and O were detected, in addition to Ag, Cu, Pd, and Au, on the abraded surface, as shown in Fig. 3(b) . These results indicate that a considerable number of alumina particles remained on the alloy surface after the alumina airabrasion. These remaining alumina particles could not be eliminated by ultrasonic cleaning in water. Figure 4 shows the XPS spectra of Ag 3d, Pd 3d, Cu 2p, Au 4f, and O 1s for the alumina air-abraded Ag-Pd-Cu-Au alloy and non-abraded surfaces. The spectra of Ag 3d, Pd 3d, and Au 4f were hardly changed between the surfaces with and without the alumina airabrasion. However, for the spectra of Cu 2p, the peak at approximately 937.5 eV for the air-abraded surface became broader in comparison to that for the nonabraded surface. Additionally, the peak shift of O 1s was confirmed in the spectrum for the air-abraded surface. In order to elucidate the chemical states for Cu in the alloy surface, we performed deconvolution analysis of the Cu 2p spectra. Figure 5 depicts the deconvolution spectra of Cu 2p for the alloy surfaces with and without the alumina air-abrasion. The broad peak at 930-940 eV was deconvoluted into two peaks that were attributed to Cu (0 or 1+) for 932.5 eV and Cu 2+ for 935 eV [28] [29] [30] . In a similar way, the peak at 950-960 eV was deconvoluted and assigned to two peaks: the peak at 952.5 eV for Cu (0 or 1+) and 955 eV for Cu 2+ , respectively [28] [29] [30] . It was clearly seen that the relative intensities for Cu 2+ of the alumina air-abraded surface were larger than those of the nonabraded surface. In addition, satellite peaks assigned to Cu 2+ located at 944 and 963 eV were confirmed only in the spectrum for the alumina air-abraded surface. These results indicate that the Cu in the alloy surface were oxidized from 0 (or +1) to +2 by the alumina airabrasion.
RESULTS
Surface states of the alumina air-abraded Ag-Pd-Cu-Au alloy
Shear bond strength
The results of the shear bond strength tests between the Ag-Pd-Cu-Au alloy and the MMA/TBB resin cement are summarized in Table 2 . In the group for the non-abraded Ag-Pd-Cu-Au alloy specimens of the 0-thermocycle, the bond strengths for the MDP-, VTD-, and MDP+VTD-applied specimens were significantly higher than those for the non-applied specimen. However, no significant difference was found among the adhesive-monomerapplied specimens. Similar results were obtained for the group of alumina air-abraded specimens of the 0-thermocycling test. In the group for the non-abraded specimens after the 20,000-thermocycle test, the shear bond strengths for the non-applied specimen and MDPapplied specimen were zero and almost zero, respectively. The bond strength for the VTD-and VTD+MDP-applied specimens were significantly higher than those for the non-applied specimen. In the group for the alumina Fig. 6 Box plots for effect of MDP contained primer on the shear bond strength after the 20,000-thrmocycles between Ag-Pd-Cu-Au alloy and MMA/TBB resin cement, (a) without and (b) with the alumina air-abrasion. These bar graphs were plotted by using the data as listed in Table 2 . air-abraded specimens after the 20,000-thermocycling test, the bond strength for the MDP-applied specimen was significantly higher than that for the non-applied specimen, although less than those for the VTD-and VTD+MDP-applied specimens. These results indicate that the effect of the alumina air-abrasion was most notable in the MDP-applied specimen as compared to the VTD-applied specimen.
To clarify the effect of the MDP adhesive monomer on the alumina air-abraded Ag-Pd-Cu-Au alloy, we compared the shear bond strength between the MDPapplied and non-applied specimens with and without the alumina air-abrasion, as indicated in Fig. 6 . For the non-abraded specimens, shown in Fig. 6(a) , no significant difference was found in the bond strengths between the non-applied and MDP-applied specimens. This result indicates that the MDP contributed little to the bonding of the non-abraded Ag-Pd-Cu-Au alloy. In contrast, for the abraded specimens, shown in Fig.  6(b) , the bond strength for the MDP-applied specimen was significantly higher than that for the non-applied specimen. This result implies that the MDP worked well for the bonding to the air-abraded Ag-Pd-Cu-Au alloy.
The failure modes for the specimens as observed by optical microscopy after the bond test are summarized in Table 3 . There was no cohesive failure for any of the specimens. For the non-applied, VTD-applied, and MDP+VTD-applied specimens, the failure modes did not change between the 0-thermocycling and the 20,000-thermocycling tests with and without the alumina airabrasion. However, for the MDP-applied specimens, mixed failure of adhesive and cohesive mode increased after the 20,000-thermocycling test.
DISCUSSION
In this study, we evaluated the mechanical and chemical effects of alumina air-abrasion on Ag-Pd-CuAu alloy. For the mechanical effect, the alumina airabrasion roughened the alloy surface. The alumina air-abraded alloy surface was observed to have random concave-convex structures, as shown in Figs. 1 and 3 . Furthermore, the surface roughness and surface area of the alloy increased significantly by the alumina air-abrasion, as denoted in Fig. 2 . This finding agrees with the facts reported in previous studies 23, 26) . In addition to the mechanical effect of the alumina air-abrasion, we found two chemical effects. One was that the alumina air-abrasion leaves alumina particles on the Ag-Pd-Cu-Au alloy surface. This finding was confirmed from the EDX elemental mapping images for Al and O, as depicted in the Fig. 3(b) . These remaining alumina particles could not be eliminated by ultrasonication cleaning. Therefore, it is postulated that the abraded alumina particles are held closely on the alloy surface owing to a reaction or sticking. Similar effect for the alumina air-abrasion has been reported on some alloys such as Au-Pt, Ni-Cr, Co-Cr, and cpTi 31) . Therefore, it is considered that the alumina particles remain on the abraded surface of the Ag-Pd-Cu-Au alloy as well as the other dental alloys. Another chemical effect of the alumina air-abrasion was oxidation of Cu in the Ag-Pd-Cu-Au alloy. As shown in Figs. 4 and 5, the Cu in the alloy surface were oxidized from 0 (or +1) to +2 by the alumina air-abrasion. Considering Gibbs free energy for oxidation of the metals, it is supposed that the Cu tended to oxidize preferentially in comparison to Ag, Pd, and Au. In a previous study, Tanaka et al. 32) demonstrated that Cu in a Ag-Pd-Cu-Au alloy could be oxidized relatively easily from 0 to +2 by thermal annealing. Based on both above mentioned results and the previous study, it is considered that the impact energy by the alumina air-abrasion would be a driving force for the oxidation of Cu in the Ag-Pd-Cu-Au alloy surface. From these considerations, it was found that the alumina air-abrasion had not only a mechanical effect but also chemical effects, which were alumina particles that remained on the alloy surface and the oxidation of Cu in the alloy.
The alumina air-abrasion improved the shear bond strength after the 20,000-thrmocycles in each group, as indicated in Table 2 . The shear bond strengths for the specimens with VTD and VTD+MDP slightly increased by the air-abrasion. It is considered that these increments are due to mainly the mechanical roughing effect. On the other hand, the influence of alumina airabrasion for the Ag-Pd-Cu-Au alloy was remarkably presented in the specimens applied with the MDPcontaining primer rather than in the specimens applied with VTD. Hence, the effect of alumina air-abrasion on the shear bond strength between the Ag-Pd-Cu-Au alloy and the MMA/TBB resin cement is discussed by focusing on the interaction between the abraded alloy surface and the MDP. As shown in Figs. 6(a) and (b), MDP worked with the alumina air-abraded alloy surface, whereas it did not work with the non-abraded surface. This result indicates that the chemical effects by the air-abrasion are more effective to the bond strength rather than the mechanical roughing effect. There are two possibilities for the working mechanism of MDP and the abraded surface. First, MDP would adhere to the remaining alumina particles on the abraded Ag-Pd-Cu-Au alloy surface. According to previous studies [33] [34] [35] , MDP works well for bonding to metal oxides such as alumina and zirconia blocks, thus increasing the bond strength. In the present study, therefore, MDP may have adhered to the remaining alumina particles on the abraded alloy surface. The other possibility is that the MDP would adhere to Cu 2+ in the Ag-Pd-Cu-Au alloy surface. As indicated at the XPS results in Fig. 5(b) , Cu 2+ was present in the alumina air-abraded alloy surface. According to a previous study 36) , the MDP can adhere to the thermally oxidized Cu in the Ag-Pd-Cu-Au alloy, whereas that is not the case in non-oxidized alloys. As similar to the MDP behavior, the 4-META could adhere especially to oxidized Cu in Ag-Pd-Cu-Au alloys 32) . In the present study, therefore, MDP is considered to have adhered to Cu 2+ in the abraded Ag-Pd-Cu-Au alloy surface. From these considerations, MDP is thought to have adhered to the remaining alumina particles on the alloy surface and/or to Cu 2+ in the Ag-Pd-Cu-Au alloy surface. Previous studies have reported that air-abrasion of silica-coated alumina particles (Rocatec system) can chemically modify material surfaces, leading to improve bonding properties [37] [38] [39] [40] . Alumina air-abrasion has been considered to have a mechanical effect on adhesive bonding, but the chemical effects have not been clarified so far. The present study demonstrates that alumina air-abrasion alters dental alloy surfaces such as AgPd-Cu-Au alloys and has an effect on the bonding to resin cement. Utilizing these findings, we believe that more reliable adhesion for dental alloys will be possible with the combined use of alumina air-abrasion and the appropriate primer.
CONCLUSION
Alumina air-abrasion has not only a mechanical effect but also chemical effects on Ag-Pd-Cu-Au alloys, which include alumina particles remaining on the alloy surface and oxidation of Cu in the alloy surface. These chemical effects of alumina air-abrasion affected remarkably the shear bond strength to MMA/TBB resin cement by using the MDP-containing primer rather than the VTDcontaining one. The present study reveals that alumina air-abrasion affects bonding of the Ag-Pd-Cu-Au alloy owing to both mechanical and chemical effects.
